Introduction {#S1}
============

Acute myocardial infarction (MI) remains a leading cause of death worldwide ([@B1]). Plaque disruption with superimposed thrombosis is a hallmark of acute MI ([@B2]); however, the mechanisms leading to plaque disruption and those that determine the nature and the extent of ensuing thrombotic responses remain unclear ([@B3]). Particularly important to plaque stability is the strength of the fibrous cap, which depends on the balance between extracellular matrix (ECM) synthesis and degradation ([@B4]). Proteolytic enzymes, such as matrix metalloproteases (MMPs), have been identified in human coronary atherosclerotic plaques ([@B5]) and are known to mediate vascular remodeling by regulating degradation of ECM components ([@B6]). Furthermore, rupture-prone, thin-cap fibroatheromas express greater levels of MMPs than stable plaques having thicker fibrous composition ([@B7]--[@B9]) and are generally implicated in coronary atherosclerotic plaque destabilization ([@B10]--[@B13]).

Although different MMPs initiate the breakdown of collagen, the final step of collagen degradation and the initial step of collagen biosynthesis are mediated by prolidase (also termed peptidase D); thus, prolidase is considered the major rate-limiting step regulating collagen turnover ([@B14]). Because collagen is the major ECM constituent in atherosclerotic plaques, accounting for up to 60% of the total protein content ([@B15]), it is plausible that prolidase activity regulates plaque stability by modulating collagen turnover in atherosclerotic plaques. In support of this idea, prolidase has been shown to be significantly higher in patients with coronary artery disease (CAD) and prolidase activity has been positively associated with severity of CAD ([@B16]). Nevertheless, the impact of prolidase on plaque stability has not been assessed, and it remains unclear whether prolidase levels are predictive of acute MI.

In this study, we determined serum prolidase activity (SPA) at the time of acute MI compared with a quiescent state in the same individuals. As an additional control, changes in prolidase over the same time course were measured in patients with stable CAD undergoing cardiac catheterization. Because changes in prolidase activity were expected to be associated only with events precipitated by plaque disruption, we performed a subgroup analysis to evaluate prolidase activity in subjects presenting with thrombotic (type I) versus non-thrombotic (type II) MI. The MI type was determined using novel criteria specifically developed for this study and incorporated historical, biochemical, electrocardiographic, histological and core lab read coronary angiographic data. Additionally, because diabetics have higher rates of MI in general ([@B17]--[@B19]), we determined whether prolidase activity was associated with diabetes status in a small number of diabetic patients.

Materials and Methods {#S2}
=====================

Enrollment Population {#S2-1}
---------------------

Following Institutional Review Board approval, participants were recruited from two hospitals in Louisville, Kentucky between March 2012 and August 2013 and were followed prospectively. Two types of subjects were sought for enrollment: those with suspected acute MI and those with suspected stable CAD. Subjects who received fibrinolytics were excluded. All participants provided written informed consent. This cohort was specifically designed to create three specific, non-overlapping phenotypes (acute thrombotic MI, acute non-thrombotic MI, stable CAD) to allow diagnostic and mechanistic investigation of acute thrombotic MI. This cohort and the criteria utilized to define the unique study groups (thrombotic MI and non-thrombotic MI) in this study have been utilized in prior work published by our laboratory in the investigation of analytes unrelated to this study \[plasminogen (PLG) and oxidized phospholipids bound to PLG\] ([@B20]). A description of this cohort, which has been previously published ([@B20]), is repeated here for completeness and convenience.

Enrollment criteria for both groups required that each patient be \>18 years of age and scheduled for coronary angiography within 48 h. Those enrolled in the suspected acute MI group must have reported ischemic symptoms lasting \>10 min, within 24 h of enrollment, and had to meet at least one of the following four criteria: (1) new or presumably new ST-segment depression \>0.1 mV, (2) elevated troponins or CK-MB levels within 24 h of enrollment, (3) ≤1 mm ST-segment elevation in ≥2 contiguous electrocardiogram (ECG) leads, or (4) ≥1 mm ST-segment depression in V1 and V2 (posterior wall infarct). Subjects considered for enrollment in the suspected stable CAD group were required to have presented for angiography as an elective procedure. Patients in the suspected stable CAD group were excluded on the basis of any one of the following criteria: (1) hospitalization for acute coronary syndrome (ACS) or clinical instability within 4 weeks prior to planned enrollment, (2) coronary artery bypass grafting (CABG) surgery within 1 year prior to planned enrollment, (3) percutaneous coronary intervention (PCI) within 12 weeks prior to planned enrollment, (4) stroke within 12 weeks prior to planned enrollment, (5) presence of unstable angina or symptoms refractory to maximal medical therapy, (6) presence of significant co-morbidities likely to cause death within 2 years, or (7) significant active history of substance abuse within 5 years of enrollment. Subjects were asked to decline enrollment if they would not be able to return to the medical campus for a 3-month stable follow-up.

History, Physical Exam, Clinical Laboratory, and ECG Data {#S2-2}
---------------------------------------------------------

All subjects were evaluated by study personnel, and each subject's history, physical examination results, clinical laboratory data, and ECG data were collected prior to measurement of prolidase. The subject's medical records were used to aid in the collection of pertinent medical history. A single study physician (Andrew P. DeFilippis) read all ECGs in accordance with *a priori* study guidelines. Standard laboratory data (troponin, creatinine, blood cell, and platelet counts) were obtained from the treating hospital clinical laboratory at standardized study time points: at the time of cardiac catheterization, prior to angiogram or any coronary intervention (T0), and 6 h post-angiogram (T6) (unless the subject was discharged from the hospital prior to this time point). Follow-up history, physical exam results, and laboratory data were collected at a single follow-up (Tf/u) visit 3 to 12 (median, 3.27) months after the procedure or hospitalization for acute MI, when the subject was in a stable condition.

Biochemical Analyses {#S2-3}
--------------------

Enrollment sample collection *via* an arterial sheath took place at the time of cardiac catheterization, prior to coronary angiography, after a 5--10 ml waste draw. All available follow-up samples (T6 and \>3 months) were collected from a peripheral vein, preferably a virgin vein, without a tourniquet (maximum pressure of \<40 mmHg *via* blood pressure cuff), using a 21G needle, after \>10 ml of clinical blood collection (waste draw), and into a tube containing ethylenediaminetetraacetic acid. Sample processing time was rigorously standardized. Serum obtained at the T0, T6, and Tf/u time points was frozen at −80°C until assay.

Prolidase Assay {#S2-4}
---------------

Prolidase activity in serum was determined using a colorimetric method based on the measurement of proline levels liberated enzymatically from an exogenous glycyl-[l]{.smallcaps}-proline (Gly-Pro) substrate. For this, we optimized the method described by Myara et al. ([@B21]) for use in a high-throughput plate reader. The following materials were used for measuring prolidase activity: Ninhydrin (Sigma 151173), Gly-Pro (Sigma G3002), manganese chloride (Sigma 244589), [l]{.smallcaps}-Proline (Sigma 81709), and reduced [l]{.smallcaps}-glutathione (GSH; Sigma G6013). Chinard's reagent was prepared by dissolving 10 g ninhydrin in 240 ml of glacial acetic acid heated to 70°C, and then adding 66 ml of orthophosphoric acid, followed by 94 ml of distilled water. This stock reagent was stored at room temperature. A working solution of Chinard's reagent was prepared by diluting the stock reagent with glacial acetic acid (1:1, v/v) immediately prior to assay. Briefly, 15 µl of serum from each patient and time point were added to 1.2 ml strip-tubes (8-strip cluster tubes), followed by addition of 85 µl of 50 mM Tris--HCl, pH 7.80, containing 20 mM MnCl~2~ and 1 mM GSH. In a preincubation step, which was required to activate the prolidase enzyme, this mixture was incubated for 1 h at 37°C. In standardization studies, we found this duration to be sufficient to activate the enzyme maximally. Next, we added 100 µl of 94 mM Gly-Pro in 50 mM Tris--HCl, pH 7.80, and incubated the solutions for 30 min at 37°C. Then, to stop the reaction, we added 0.8 ml of ice-cold, 0.45 M trichloracetic acid. The mixtures were then centrifuged for 15 min at 12,000 *g*, and 0.25 ml of supernatant was transferred into 1.7 ml Eppendorf tubes. To this, we added 1 ml of Chinard's reagent working solution, and the samples were subsequently incubated for 12 min at 90°C. The solutions were then cooled on ice for 15 min, and 300 µl was transferred to wells of a 96-well plate, in triplicate. The absorbance was read at 515 nm and recorded using a BioTek Synergy 2 Multi-Mode plate reader. Each assay included a respective blank (300 µl of 0.25 ml TCA + 1 ml Chinard's reagent working solution) as well as two separate quality control samples used to delineate process variability from assay to assay (sera from two donors). Also included was a standard (650 µM proline in 0.25 ml TCA + 1 ml Chinard's working solution); standard curves constructed using 0--700 nM proline showed excellent linearity (*R*^2^ \> 0.99).

Serum prolidase activity was calculated as in the study by Myara et al. ([@B21]), factoring in volumetric proportions of Chinard's working solution and sample supernatant as well as appropriate dilution factors. The coefficient of variation (CV), calculated using quality control samples, was \<2.5%. Human serum samples that showed evidence of hemolysis were omitted from the study.

Serum Cardiac Troponin I Measurements {#S2-5}
-------------------------------------

Troponin concentrations were measured by either of two independent CLIA-approved laboratories, the University of Louisville or KentuckyOne Jewish Hospital. The Ortho VITROS 5600 assay was used to measure cardiac troponin I in subjects receiving treatment at the University of Louisville Hospital. For this assay, the 99% cutoff level for a healthy population was 0.035 ng/ml with a (CV) \<10%. This assay further defined 0.12 ng/ml as the most efficient (more specific) cutoff point for the diagnosis of acute MI. The Beckman Access assay was used to measure cardiac troponin I in subjects receiving treatment at KentuckyOne Jewish Hospital. For this assay, the 99% cutoff level for a healthy population was 0.04 ng/ml, but a CV \< 10% was not achieved until 0.06 ng/ml. This assay defined 0.5 ng/ml as the most efficient (more specific) cutoff point for the diagnosis of acute MI.

Coronary Angiographic Assessment {#S2-6}
--------------------------------

Angiograms were examined in a blinded fashion for all subjects by the Johns Hopkins Quantitative Angiographic Core Laboratory. The criteria for identifying and quantifying coronary thrombosis and atherosclerotic burden were jointly developed by the Core lab and the study team from existing published data ([@B22]--[@B29]).

Histological Data {#S2-7}
-----------------

Coronary aspiration, with intent to retrieve the culprit coronary thrombosis, was left to the discretion of the subject's treating interventional cardiologist. All samples from aspiration attempts were strained, immediately preserved in formalin, and sent to CVPath Institute, Inc., Gaithersburg, MD, USA, for blinded histological evaluation by a pathologist specialized in the analysis of coronary thrombosis ([@B30], [@B31]).

Study Cohort {#S2-8}
------------

The following strict *a priori* criteria were used to define the study analysis groups.

*Acute MI* was defined as a clinical event in a subject presenting to the cardiac catheterization laboratory for a non-elective procedure, with a cardiac troponin I level greater than the most efficient diagnostic cutoff point as specified by the assay manufacturer (several-fold higher than the 99th percentile for a healthy population for both assays used in this study) and meeting Joint ESC/ACCF/AHA/WHF criteria ([@B32]) for an acute MI (Table [1](#T1){ref-type="table"}). Patients with *stable CAD* were identified as those presenting for an elective cardiac catheterization with a past medical history of atherosclerosis, as evidenced by CABG, PCI, stroke/transient ischemic attack, carotid endarterectomy, peripheral artery bypass procedure, abdominal aortic aneurysm repair, or \>50% stenosis in one or more coronary vessels on enrollment angiogram. Additional criteria included normal thrombolysis in myocardial infarction (TIMI) flow and myocardial perfusion grade (MPG) in all vessels as well as pre- and post-procedure cardiac troponin I \<99% for a healthy population specific to the assay used (Table [1](#T1){ref-type="table"}). Subjects who did not meet either stable CAD or acute MI criteria were eliminated from the study in order to limit obfuscation from misclassification and to produce an ideal cohort for discovering new biochemical/clinical characteristics related to acute MI (Figure [1](#F1){ref-type="fig"}).

###### 

Study phenotype criteria.

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Study phenotype                Criteria                                                                                                                                                                                                                                                                          
  ------------------------------ ----------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Stable CAD (*n* = 15)          Ortho VITROS 5600 Assay: "Peak" troponin level \< 0.035\                                                                                                                                Elective coronary angiogram\                                                              Satisfies ALL criteria below:\>50% stenosis in one or greater epicardial vessel (only required if no history of CVD)TIMI flow = 3 (all vessels)TIMI MPG = 3 (all vessels)
                                 Beckman Access "Peak" troponin level \< 0.04                                                                                                                                            History of CVD: CABG, PCI, CVA/TIA, CEA, PAD, or AAA procedure or angiographic criteria   

                                                                                                                                                                                                                                                                                                                   

  Acute MI (*n* = 49)            Ortho VITROS 5600 Assay: "Peak" troponin level \> 0.12\                                                                                                                                 Non-elective coronary angiogram\                                                          
                                 Beckman Access "Peak" troponin level \> 0.5                                                                                                                                             Clinical presentation consistent with WHF/ECC/ACC/AHA Universal definition of AMI         

                                                                                                                                                                                                                                                                                                                   

  Thrombotic MI (*n* = 22)       Ortho VITROS 5600 Assay: "Peak" troponin level \> 0.12\                                   Histologically confirmed coronary thrombus 0--4 days old by blinded pathological assessment   Non-elective coronary angiogram\                                                          Stenosis in the vessel in which thrombus was recovered of 50--100% and ST elevation in territory supplied by the vessel in which thrombus was recovered
                                 Beckman Access "Peak" troponin level \>0.5 and \>30% increase in troponin from T0 to T6                                                                                                 Clinical presentation consistent with WHF/ECC/ACC/AHA Universal definition of AMI         

                                                                                                                                                                                                                                                                                                                   

  Non-thrombotic MI (*n* = 12)   Ortho VITROS 5600 Assay: "Peak" troponin level \>0.12\                                    No histologically confirmed thrombus recovered                                                Clinical presentation consistent with WHF/ECC/ACC/AHA Universal definition of AMI         Satisfies ALL 5 criteria below, in all vessels:\<50% stenosisNo filling defectSimple Ambrose lesion morphologyTIMI flow = 3TIMI MPG = 3
                                 Beckman Access "Peak" troponin level \>0.5                                                                                                                                                                                                                                        
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

*CAD, coronary artery disease; MI, myocardial infarction; TIMI, thrombolysis in myocardial infarction; MPG, myocardial perfusion grade; CABG, coronary artery bypass grafting; PCI, percutaneous coronary intervention; CVA, cerebral vascular accident; TIA, transient ischemic attack; CEA, carotid endarterectomy; PAD, peripheral artery disease; AAA, abdominal aortic aneurysm; CVD, cardiovascular disease*.
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Acute MI was further stratified into thrombotic (Type 1) and non-thrombotic (Type 2) MI. Because no national guidelines exist for differentiating thrombotic (Type 1) and non-thrombotic (Type 2) MI, we developed novel conservative (stringent) criteria (Table [1](#T1){ref-type="table"}) to eliminate borderline cases from our analysis and limit confounding from misclassification, with the goal of identifying biological characteristics related to acute thrombotic MI (Figure [1](#F1){ref-type="fig"}). Our criteria expand upon those previously proposed by our group ([@B33]) and now include a combination of prospectively collected historical, physical, electrocardiographic, histological, biochemical, and angiographic (blinded core lab assessment) data that we believe are more robust than any other published criteria for distinguishing Type 1 and Type 2 MI ([@B34]--[@B40]). The definition of *thrombotic MI* included the criteria for acute MI as well as (1) the presence of a histologically confirmed (by blinded pathological assessment) coronary thrombus 0--4 days old, (2) a 50--100% stenosis in the vessel in which the thrombus was recovered, (3) ST elevation in the territory supplied by the vessel in which the thrombus was recovered, and (4) an elevated troponin and \>30% increase in troponin between T0 and T6 hours (Table [1](#T1){ref-type="table"}). *Non-thrombotic MI* was defined as meeting the criteria for acute MI, but with (1) no recovery of a histologically confirmed thrombus and (2) satisfaction of all of the following five criteria in all vessels: \<50% stenosis, no filling defect, simple Ambrose lesion morphology, TIMI flow = 3, and TIMI myocardial perfusion grade (TIMI MPG) = 3 (Table [1](#T1){ref-type="table"}). *Diabetes mellitus* was defined as (1) fasting glucose of more than 126 mg/dl and/or (2) HgA1C \> 6.5 and/or (3) patients on hypoglycemic medications (insulin, oral anti-hyperglycemic medications).

Statistical Analysis {#S2-9}
--------------------

Frequencies, percentages, and Fisher's exact test *p*-values are reported for comparing the distribution of categorical characteristics across study groups. Mean, SD, and appropriate statistical test *p*-values (Student's *t*-test, Welch's *t*-test, or Wilcoxon rank-sum test) are reported for continuous variable comparisons. Prolidase activity was log-transformed to ensure that the outcome measure was normally distributed for further analyses. To identify covariates that were associated with prolidase activity (potential confounding factors), the signed Pearson correlation coefficient was computed for relevant covariates at the quiescent phase (Tf/u). The primary analysis consisted of comparing prolidase activity across study time points between acute MI subjects and stable CAD subjects. A secondary analysis was conducted to compare prolidase activity between MI subgroups (thrombotic MI versus non-thrombotic MI). A repeated measures analysis of variance (RM-ANOVA) was conducted for both the primary and secondary analyses. For the RM-ANOVA, linear models were constructed with fixed effects for study group, time point, group × time point interaction, and a random effect for study subject. A compound symmetry covariance structure was assumed for the study subject random effect. If evidence of a group × time point interaction was not found, this interaction was removed. Confounding factors were considered for incorporation in the RM-ANOVA. The inclusion of these fixed effects allowed for testing: (1) whether mean prolidase levels differed by study group, (2) whether prolidase levels differed across time points, and (3) whether time course differed by study group. The *p*-values from Type III SS *F*-tests are reported for determining statistical significance. For the primary analysis comparing the acute MI and stable CAD study groups, T0, T6, and Tf/u measurements were used. For the subgroup analysis comparing the thrombotic (Type 1) MI and non-thrombotic (Type 2) MI subgroups, T0, T6, and Tf/u measurements were used. The random effect for study subject assumed a compound symmetry covariance structure. Statistical power for both the primary and acute MI subgroup analyses was retrospectively calculated using the observed analyte means, variances, and group sizes ([@B41]). To identify potential effect modifiers in the repeated measures analysis, the relationships between the analytes and cohort characteristics were examined. Signed *r*^2^, where *r* is the Pearson correlation coefficient, are presented to show the magnitude, direction, and significance of associations between a characteristic and an analyte. Further statistical modeling was conducted to evaluate characteristics identified as effect modifiers. Statistical analyses were conducted in R version 3.2 (R Core Team, 2015). The manuscript is in compliance with the STROBE (& MOOSE) guidelines for observational studies.

Results {#S3}
=======

A total of 49 patients met the criteria for an acute MI, of which a subset had clearly defined thrombotic MI (*n* = 22) or non-thrombotic MI (*n* = 12), and 15 patients met the criteria for stable CAD (Table [1](#T1){ref-type="table"}). Of the 49 patients in the acute MI group, 16.3% (*n* = 8) were diabetic, and out of 15 patients in the stable CAD group, 46.7% (*n* = 7) had DM. Excluding constrained differences resulting from the enrollment criteria, the prevalence of smoking and heart rate on presentation was higher among acute MI subjects, whereas body mass index (BMI) and prevalence of hyperlipidemia and diabetes were higher among the subjects with stable CAD (Table [2](#T2){ref-type="table"}). Excluding constrained differences resulting from the criteria employed to adjudicate thrombotic MI versus non-thrombotic MI, the time from presentation to angiogram, the peak troponin, and the baseline glucose values differed between individuals in the thrombotic MI group compared with those in the non-thrombotic MI group (Table [3](#T3){ref-type="table"}).

###### 

Cohort characteristics.

  Variable                                                         Acute MI group (*N* = 49)   Stable CAD group (*N* = 15)   *p*-Value
  ---------------------------------------------------------------- --------------------------- ----------------------------- ---------------------------------------
  Age (mean ± SD) in years                                         58.6 ± 14.4                 61.3 ± 8.9                    0.49
  Males (%)                                                        65.3                        53.3                          0.54
  Caucasian race (%)                                               77.6                        93.3                          0.09
  Current smoker (%)                                               53.1                        20.0                          0.04
  Former smoker (%)                                                26.5                        60.0                          0.04
  Currently consumes alcohol (%)                                   32.7                        46.7                          0.37
  History of dyslipidemia (%)                                      46.9                        86.7                          0.01
  History of diabetes mellitus (%)                                 16.3                        46.7                          0.03
  History of hypertension (%)                                      61.2                        93.3                          0.06
  History of atherosclerosis (%) (MI, CAD, PCI, CABG)              38.8                        100.0                         \<0.0001
  History of congestive heart failure (%)                          8.2                         6.7                           1.00
  History of chronic renal failure (%)                             8.2                         0.0                           0.28
  History of stroke (%)                                            10.2                        0.0                           0.33
  HR at time of presentation (mean ± SD)                           84.9 ± 25.0                 65.9 ± 9.6                    \<0.0001
  MAP at time of presentation (mean ± SD)                          102.8 ± 24.7                91.4 ± 14.3                   0.09
  BMI at time of presentation (mean ± SD)                          27.5 ± 7.24                 33 ± 7.08                     0.02
  Time (hours) elapsed presentation to T0 (median ± IQR, range)    3.5 ± 16.0, 36              2.0 ± 1.0, 3                  0.21[^b^](#tfn2){ref-type="table-fn"}
  Glucose at baseline (mean ± SD, range)                           142.1 ± 56.5, 285           131.6 ± 30.6, 107             0.35[^a^](#tfn1){ref-type="table-fn"}
  Creatinine at baseline (mean ± SD, range)                        1.13 ± 0.79, 4.34           0.92 ± 0.17, 0.66             0.10[^a^](#tfn1){ref-type="table-fn"}
  ST elevation on EKG at baseline                                  63.3                        0.0                           \<0.0001
  One vessel with ≥50% coronary stenosis on enrollment angiogram   79.6                        66.7                          0.31
  Aspirin use at time of enrollment (%)                            89.8                        86.7                          0.66
  P2Y12 inhibitors use at enrollment (%)                           53.1                        50.0                          0.77

*^a^Welch's t-test*.

*^b^Wilcoxon rank-sum test*.

*MI, myocardial infarction; CAD, coronary artery disease; PCI, percutaneous coronary intervention; CABG, coronary artery bypass grafting; BMI, body mass index*.

###### 

Baseline subject characteristics for acute MI subgroup analysis.

  Variable                                                               Type 1 MI (*N* = 22)   Type 2 MI (*N* = 12)   *p-*Value
  ---------------------------------------------------------------------- ---------------------- ---------------------- -------------------------------------------
  Age (mean ± SD) years                                                  58.7 ± 15.1            56.3 ± 16.6            0.67
  Males (%)                                                              72.7                   41.7                   0.14
  Caucasian race (%)                                                     86.4                   66.7                   0.21
  Current smoker (%)                                                     45.5                   50.0                   1.00
  Currently consumes alcohol (%)                                         36.4                   33.3                   0.78
  History of dyslipidemia (%)                                            54.5                   33.3                   0.30
  History of diabetes mellitus (%)                                       9.1                    0.0                    0.53
  History of hypertension (%)                                            45.5                   75.0                   0.19
  History of atherosclerosis (%) (MI, CAD, PCI, CABG)                    40.9                   33.3                   0.73
  History of congestive heart failure (%)                                0.0                    8.3                    0.35
  History of chronic renal failure (%)                                   4.5                    8.3                    0.43
  History of stroke (%)                                                  4.5                    25.0                   0.12
  HR at time of presentation (mean ± SD)                                 87.4 ± 27.2            88.3 ± 27.5            0.93
  MAP at time of presentation (mean ± SD)                                104.1 ± 19.8           95.4 ± 26.9            0.29
  BMI at time of presentation (mean ± SD)                                27.5 ± 7.4             27.8 ± 6.7             0.90
  Time (hours) elapsed presentation to angiogram (median ± IQR, range)   1.0 ± 1.0, 13.0        18.0 ± 9.5, 30.0       \<0.0001[^b^](#tfn4){ref-type="table-fn"}
  Baseline troponin (mean ± SD, range) mg/dL                             7.8 ± 14.9, 55.3       2.4 ± 2.9, 9.8         0.76[^b^](#tfn4){ref-type="table-fn"}
  Peak troponin (mean ± SD, range)                                       51.6 ± 41.2, 145.7     11.6 ± 22.0, 68.2      0.0002[^b^](#tfn4){ref-type="table-fn"}
  Glucose at baseline (mean ± SD, range)                                 166.5 ± 58.9, 246      118.0 ± 47.7, 182      0.01[^a^](#tfn3){ref-type="table-fn"}
  Creatinine at baseline (mean ± SD, range)                              0.98 ± 0.43, 2.38      1.21 ± 1.07, 3.80      0.50[^a^](#tfn3){ref-type="table-fn"}
  ST elevation on EKG at baseline                                        100.0                  25.0                   \<0.0001
  One vessel with ≥50% coronary stenosis on enrollment angiogram         100.0                  0.0                    \<0.0001
  Aspirin use at time of enrollment (%)                                  86.4                   91.7                   1.00
  P2Y12 inhibitors use at enrollment (%)                                 45.5                   50.0                   1.00

*^a^Welch's t-test*.

*^b^Wilcoxon rank-sum test*.

*MI, myocardial infarction; CAD, coronary artery disease; PCI, percutaneous coronary intervention; CABG, coronary artery bypass grafting; HR, heart rate; SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure; BMI, body mass index; ACE-I, angiotensin converting enzyme inhibitor*.

Primary Analysis {#S3-1}
----------------

In both acute MI and stable CAD subjects, mean prolidase activity was lower at acute phase time points (T0, T6) versus the quiescent phase (Tf/u) (RM-ANOVA time point *p* \< 0.0001) (Figure [2](#F2){ref-type="fig"}). There was not a statistically significant difference in prolidase activity at any time point between acute MI and stable CAD subjects (*p* = 0.35). Potential confounding by risk factors including smoking, heart rate on presentation, BMI, history of hyperlipidemia, time from presentation to angiogram, the peak troponin, and baseline glucose was evaluated by adding each of these terms individually to the multivariable model. Each risk factor was non-significant (*p* \> 0.05) and did not improve model fit (*F*-test, *p* \> 0.05). These finding suggest that practices related to cardiac catheterization may lower circulating prolidase activity acutely. Nevertheless, prolidase activity at the quiescent state was predictive of prolidase activity in the acute state (T0) (*R*^2^ = 0.71, *p* \< 0.0001) (Table [4](#T4){ref-type="table"}). Prolidase activity was also significantly correlated with DM at the time point representing the quiescent state (*R*^2^ = 0.10, *p* = 0.03); however, it was not correlated with serum glucose at follow-up (Tf/u) (Table [4](#T4){ref-type="table"}). In a stratified analysis, mean prolidase activity was lower among diabetic acute MI subjects compared with non-diabetic acute MI subjects \[*p* \< 0.05 as evident from non-overlapping 95% CI of the mean (Table [5](#T5){ref-type="table"}) and diabetes effect *p* \< 0.0001; MI × diabetes *p* = 0.02 (Figure [3](#F3){ref-type="fig"})\]. Similarly, mean prolidase activity was lower among diabetic acute MI subjects compared with both diabetic and non-diabetic stable CAD subjects at both the acute and quiescent time points \[*p* \< 0.05 as evident from non-overlapping 95% CI of the mean (Table [5](#T5){ref-type="table"}) and diabetes effect *p* \< 0.0001; MI × diabetes *p* = 0.02 (Figure [3](#F3){ref-type="fig"})\]. No significant differences in prolidase activity were observed between the acute (T0, T6) and quiescent (Tf/u) states in any of the strata (non-diabetic acute MI, non-diabetic stable CAD, diabetic acute MI, diabetic stable CAD) (Table [5](#T5){ref-type="table"}). However, when all groups were analyzed together, prolidase activity was lower at the acute time points (T0, T6) compared with the quiescent state (Tf/u) (RM-ANOVA time point *p* \< 0.0001), and there was marginal evidence that this relationship was modified by the presence or absence of acute MI (*p* = 0.10) (Figure [2](#F2){ref-type="fig"}). Collectively, these data suggest that prolidase activity is generally diminished at the time of cardiac catheterization and that prolidase activity may be lower in diabetic MI patients.
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###### 

Association of covariates and prolidase activity at quiescent state.

                                                            Prolidase (F/U)[^a^](#tfn5){ref-type="table-fn"}   
  --------------------------------------------------------- -------------------------------------------------- --------------------
  Prolidase (enrollment)[^a^](#tfn5){ref-type="table-fn"}   0.71                                               **\<***0.0001*****
  Glucose (F/U)[^a^](#tfn5){ref-type="table-fn"}            −0.08                                              **0.06**
  Creatinine (F/U)[^a^](#tfn5){ref-type="table-fn"}         −0.08                                              ***0.05***
  Gender (female versus male)                               0.03                                               0.19
  Diabetes                                                  0.10                                               ***0.03***
  Lipidemia                                                 0.01                                               0.46
  Smoking                                                   0.00                                               0.74
  Alcohol                                                   0.02                                               0.29
  PCI                                                       0.01                                               0.45
  Race (Caucasian versus non-Caucasian)                     0.01                                               0.58
  SBP                                                       0.05                                               0.09
  DBP                                                       0.03                                               0.15
  MAP                                                       0.04                                               0.11
  HR                                                        −0.06                                              **0.06**
  RR                                                        0.00                                               0.65
  BMI                                                       0.00                                               0.90
  Age                                                       0.00                                               0.78

*^a^Log-transformed*.

*PCI, percutaneous coronary intervention; BMI, body mass index*.

*Variables in bold italic which were statistically significant*.

*Variable in bold which has some association with prolidase but did not achieve statistical significance*.

###### 

Mean prolidase activity and 95% confidence intervals for mean prolidase activity by group and diabetes.

        Non-diabetic           Diabetic                                  
  ----- ---------------------- --------------------- ------------------- ---------------------
  T0    97.8 (90.9, 105.2)     103.6 (88.2, 121.5)   69.0 (58.7, 81.0)   102.8 (86.6, 121.9)
  T6    100.6 (93.4, 108.3)    106.5 (90.7, 125.0)   70.9 (60.4, 83.3)   105.7 (89.1, 125.4)
  TFU   109.5 (101.6, 118.0)   115.9 (98.8, 136.1)   77.2 (65.7, 90.8)   115.1 (96.9, 136.6)

*Units are mmol/l/min*.

*MI, myocardial infarction; CAD, coronary artery disease*.

![Log-transformed prolidase activity across study time points by group and diabetes. Units are in log mmol/l/min.](fcvm-04-00050-g003){#F3}

Exploratory Analysis {#S3-2}
--------------------

To test the hypothesis that prolidase activity is acutely associated with plaque stability and acute plaque disruption, we compared prolidase activity in thrombotic and non-thrombotic acute MI subjects (Figure [4](#F4){ref-type="fig"}; Table [6](#T6){ref-type="table"}). We did not observe evidence of a difference in prolidase activity between thrombotic MI versus non-thrombotic MI subjects at any acute (T0, T6) or quiescent time point (*p* = 0.28). Potential confounding variables, i.e., baseline glucose, times from presentation to angiogram and peak troponin, were evaluated by adding each of these terms individually to the multivariable model. Each risk factor was non-significant (*p* \> 0.05) and did not improve model fit (*F*-test, *p* \> 0.05). The sample size was not adequate to stratify thrombotic and non-thrombotic MI subgroups by diabetes status.

![Log-transformed prolidase activity across study time points by myocardial infarction (MI) subgroup. Units are in log mmol/l/min.](fcvm-04-00050-g004){#F4}

###### 

Model estimated mean prolidase activity and 95% confidence intervals for mean prolidase activity by MI subgroup.

  Time point   Non-thrombotic MI (*n* = 12)   Thrombotic MI (*n* = 22)
  ------------ ------------------------------ --------------------------
  T0           88.8 (77.5, 101.9)             97.2 (87.7, 107.7)
  T6           92.5 (80.6, 106.2)             101.2 (91.2, 112.2)
  TFU          102.9 (89.5, 118.3)            112.6 (101.3, 125.1)

*Units are mmol/l/min*.

*MI, myocardial infarction*.

Discussion {#S4}
==========

To our knowledge, this is the first study to measure the activity of prolidase in patients with acute MI. Stimulated by the fact that plaque stability is in part regulated by collagen and fibrous cap strength ([@B7]--[@B9]), we addressed whether prolidase---a major contributor to collagen turnover---differs in patients with acute MI. We found that prolidase activity was lower at the time of presentation for acute MI as compared with a quiescent (\>3 months) follow-up. However, low prolidase activity was also observed in stable CAD subjects undergoing elective cardiac catheterization and did not differ between acute thrombotic versus acute non-thrombotic MI subjects, suggesting that prolidase activity is impacted by practices related to cardiac catheterization rather than acute MI itself. Although prolidase activity was highly correlated with diabetes and found to be significantly lower compared with acute MI subjects without diabetes or with subjects with stable CAD (with or without diabetes), the small number of diabetic patients precludes us from deriving strong conclusions. Overall, we conclude that circulating prolidase is not significantly different between patients with acute MI and stable CAD or between patients with thrombotic and non-thrombotic MI. Further studies are needed to determine if diabetes significantly affects prolidase activity and how changes in prolidase activity may relate to the risk of MI.

Although we found no significant differences in SPA between acute MI and stable CAD subjects undergoing cardiac catheterization, the mean SPA was lower at the time of presentation/procedure as compared to quiescent follow-up. This finding suggests that the lower SPA levels at the time of acute MI may be more reflective of the acute stress or specifics of the cardiac catheterization procedure rather than plaque disruption. Although it is unclear why prolidase activity was lower at the early time points, peri-procedure use of medications, particularly use of antiplatelet agents and anticoagulants, may affect SPA. Indeed, Surazynski et al. showed that acetylsalicylic acid decreases collagen biosynthesis by decreasing prolidase activity ([@B42]). Similarly, Demirtas et al. found SPA to be significantly lower in subjects who received anticoagulants and antiplatelet agents compared with controls ([@B43]). Antiplatelet, anticoagulant, or other medications affecting the collagen cycle, like enalaparil, have also been shown to affect prolidase activity ([@B44]). Because almost all patients received aspirin, and patients that had PCI received dual antiplatelet therapy along with heparin, which has anticoagulant and antiplatelet properties, it is possible that medications provided at the time of cardiac catheterization contributed to the generally lower levels of prolidase activity at the early time points (T0 and T6).

One aim of our study was to determine whether prolidase activity differs among subjects with acute thrombotic MI versus acute non-thrombotic MI. Our findings indicate that prolidase activity is not different between patients with thrombotic and non-thrombotic MI; nor was it different between acute MI subjects and subjects with stable CAD. However, the fact that prolidase activity is correlated with other pathological conditions such as diabetes provided us with rationale to perform further, stratified analyses. Prolidase activity has been measured in tissues such as plasma, erythrocytes, leukocytes, and dermal fibroblasts ([@B45], [@B46]) in conditions including chronic liver disease ([@B21]), osteoporosis ([@B47]), osteoarthritis ([@B48]), DM ([@B47]), and uremia ([@B49]). Among cardiovascular conditions, SPA was shown to be independently associated with severity of left ventricular diastolic dysfunction ([@B50]), hypertension ([@B51]), coronary artery aneurysms ([@B52]), aortic dilation ([@B53]), slow coronary flow ([@B54]), and presence of CAD ([@B16]). Sezen et al. showed that prolidase activity was significantly lower in patients with dilated cardiomyopathy relative to healthy volunteers, and lower in subjects with ischemic cardiomyopathy compared with those diagnosed with idiopathic cardiomyopathy ([@B55]).

Our finding that diabetic subjects with acute MI have low levels of SPA could be important because diabetics have a disproportionately higher rate of acute MI: 33% of acute MI occurs in diabetics, and diabetes is associated with a \>2-fold increase in recurrent major adverse cardiac events after index MI compared with non-diabetic counterparts ([@B17]--[@B19]). Furthermore, diabetics are known to have generalized defects in connective tissue metabolism. For example, it has been shown that insulin and/or insulin-like growth factors and their coordinate signaling, which is defective in insulin-resistant states such as diabetes, impact collagen metabolism ([@B56]--[@B58]). While prolidase levels appear to be lower among diabetic patients in general ([@B47], [@B59]), prolidase activity was reported to be higher among diabetics with neuropathy ([@B60]), foot ulcers ([@B61]), and microalbuminuria ([@B62]). Our study might suggest the existence of a subgroup of diabetic patients that are susceptible to MI because of defective prolidase levels or activity. This hypothesis would be consistent with studies indicating an increased risk of MI in diabetics versus non-diabetics ([@B63]--[@B67]). Whether low prolidase activity in diabetics contributes to atherothrombosis, plaque rupture, or impaired plaque healing after rupture warrants further investigation.

Strengths {#S4-1}
---------

Addressing our hypothesis required a unique cohort of acute MI subjects that included a subset of patients with acute thrombotic and non-thrombotic MI as well as a rigorous and high-throughput method for measuring prolidase. We introduced optimized conditions for measuring prolidase activity in serum and included appropriate controls to assess day-to-day variability. Our findings suggest that prolidase activity is likely affected by conditions of cardiac catheterization and that it is not different in patients with acute MI compared with stable coronary CAD; however, our data from a small number of diabetic MI patients warrant further studies to determine whether low prolidase activity is a cause of MI and the extent to which is contributes to atherothrombosis.

Limitations {#S4-2}
-----------

Although this is the largest study of prolidase activity in subjects with acute MI to date, the sample size remains limited, particularly in the exploratory subgroup analyses of thrombotic (type 1) and non-thrombotic (type 2) MI subjects. Even though prolidase activity was found to be significantly diminished in diabetic patients with MI, the small sample size of diabetic patients precludes us from making strong conclusions regarding changes in prolidase as they relate to diabetes and MI. Thus, future studies with a higher sample size will be required to determine with confidence if circulating prolidase activity is lower in diabetic patients and if it might contribute to MI in patients with metabolic disease. Also, our study does not have long-term follow-up data on cardiovascular events and is therefore unable to evaluate prolidase as a predictor of events in stable CAD and post-MI patients. We measured prolidase activity in serum, which is a repository for metabolites, secreted proteins, and RNA/DNA from all tissues, but these measurements cannot indicate defects in prolidase activity or secretion from specific tissues. Therefore, it remains unclear whether significant differences in SPA indicate defective collagen remodeling at sites of unstable atherosclerotic lesions.

Conclusion {#S5}
==========

In summary, we report that there is no significant difference in prolidase activity in patients with acute MI or stable CAD; however, we find that prolidase activity is lower at the time of cardiac catheterization compared to quiescent state follow-up. Our preliminary data from diabetic patients suggest prolidase activity is lower in diabetics with acute MI compared with non-diabetics with acute MI and stable CAD subjects (diabetic and non-diabetic) at both the acute and quiescent time points. These findings warrant further study to determine whether diabetes indeed diminishes circulating prolidase activity and whether insufficient prolidase activity contributes to the greater risk of MI in patients with diabetes.
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